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SUMMARY ,/” 

1 J  

6 

The ef fec t  of various types of radiation on the electrochemical and 

physical characterist ics of nickel and cadmium electrodes was studied. 

investigation for the most pa r t  employed electrodes in the flooded condition. 

The 

The two  principal effects  of gamma irradiation were t o  cause material t o  be 

l o s t  from the electrodes and t o  cause a buildup i n  gas pressure in sealed 

cells.  In  addition, a 10 mv decrease in c e l l  voltage was observed i n  one 

experbent  a f t e r  a dosage of 8.7 x 10 rads (H20), and a decrease i n  capa- 

c i ty  of t h e  cadmium electrode by possibly as much as 25% was found a f t e r  a 

dosage of 3 x 10 rads (H20) .  

7 

8 

The amount of material l o s t  from the electrodes was found t o  increase 

with increasing t o t a l  gamma dose. Also, the ra te  of material loss  increased 

with increasing dose rate. 

by visual clouding of the electrolyte, occurred a t  about 1.4 x 10 

for  dose rates  i n  the range of 10 t o  10 rads (H20)/hour. The largest  

electrode material loss observed was about77 mg a f t e r  an i r radiat ion of 

3 x 10 rads (H20). 

The in i t ia t ion  of material loss, as determined 

6 rads (H20) 
5 6 

8 

The material loss (sloughing) phenomenon was also observed i n  irradia- 

t ions with electrons. 

ra te  were approximately consistent with the gamma irradiat ion results. 

The amounts l o s t  with respect t o  t o t a l  dose and dose 

Neutron 

irradiation results were inconclusive due t o  the low dose rate available. 

The dislodged material showed cadmium t o  nickel r a t io s  of 3:1 and 

greater, with the r a t i o  decreasing with increased t o t a l  i r radiat ion dose. 

Individual electrode i r radiat ions and ccarplete commercial cell i r radiat ions 

both indicated t h a t  this sloughed material was primarily being removed from 

the nickel electrode. Mechanisms based on radiolysis of the electrolyte are 

AI-64-11 
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suggested for  t h i s  material loss. The effect  of radiation on t h e  electrolyte 

is t o  produce hydrogen peroxide and, t o  a lesser  extent, hydrogen. Some evi- 

dence has been obtained t o  suggest that the hydrogen peroxide, e i ther  through 

chemical attack or  through t h e  mechanical e f fec t  associated with its decomposi- 

t ion  t o  oxygen gas at the electrodes, may be one of the principal contributors 

t o  the material loss. 

The pressure buildup in t h e  cells is  probably due principally t o  oxygen 

generated through the radiolyt ic  and catalyt ic  decoanposition of hydrogen 

peroxide. 

extrapolation of data obtained i n  dilute base gave reasonable agreement with 

our data. 

The kinetics of t h e  radiolysis i n  strong KOH are not known but 

AI-64-11 
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I. INTROIXJCTION 

i 

Batteries represent the source of secondary power on almost a l l  space 

vehicles. 

t o  various types of radiation from cosmic rays or  the V a n  Allen belts. 

missions may incorporate nuclear reactors as the primary power source in the 

vehicle w i t h  ba t te r ies  acting as the secondarg power f o r  standby and peak 

power intervals. 

application. 

the nickel-cadmium system was chosen from the current types of rechargeable 

systems being used. 

In any orbi t  these vehicles and thus the bat ter ies  are subjected 

Future 

The bat ter ies  may thus be i n  high radiation f i e lds  in this 

To study the effects  of high radiation f i e lds  on these batteries,  

Previous studies192 of nickel-cadmium bat te r ies  i n  radiation f ie lds  

have been limited t o  an examination of the voltage and capacity before and 

after i r radiat ion of t h e  whole batterg. No change in these parameters was 

observed. 

vidual electrodes in a radiation f ie ld  and presents information on (a) the 

lo s s  of material from the electrodes, (b) the e f fec t  of radiolytic deccrmpo- 

s i t i on  of the electrolyte,  and (c)  some electrochemical changes which were 

observed. 

T h i s  present report describes a study of the behavior of indi- 

AI-64-11 
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A .  MATERIALS AND EWIPPIZENT 

A diagram of the type of c e l l  used fo r  the initial experiments is shown 

Individual electrodes were placed in holders so t h a t  electrode i n  F igure  1. 

spacing is a constant for  all runs. The cell and holders were of quartz 

which was employed because of its resistance t o  strong a lka l i  solutions and 

t o  radiation. 

t o  a reference Hg/HgO electrode outside the radiation field.  

contains a s m a l l  bulb f o r  collection of gases formed during irradiation. 

Connected t o  the c e l l  inside the radiation f i e l d  was a pressure transducer 

of the diaphragm type, sensitive t o  0.1 psi. 

The experimental ce l l  contains provision fo r  a salt bridge 

The c e l l  also 

Gulton Industries! nickel-cadmium type 1OVO-8 f l a t  plate  ce l l s  were 

chosen f o r  this study, mainly because of the ease in separating t h e  indi- 

vidual electrodes for use in our t e s t  cells .  Upon receipt, these commercial 

ce l l s  were charged according t o  the manufacturerfs specifications, i.e., 

0.060 amps for  17 huurs. 

4.2 x 3.8 cans. The cells were disassembled and two of t h e  three cadmium 

electrodes and t h e  two nickel electrodes -re then used t o  make t w o  of our 

laboratory cel ls .  

The physical s ize  of these electrodes is 

The laboratory cells we= then discharged at 0.20 amps t o  t h e  break in 

the discharge curve. 

f o r  two and one half hours a t  0.20 amps which is equivalent t o  25% overcharge. 

Using the same current they were then discharged t o  75% of f u l l  charge. 

procedure was used for  a l l  cells. 

7 B  of charge fo r  a period of 24 hour8 before i r radiat ion treatment. 

To insure lm charge of the ce l l s  they were charged 

This 

The ce l l s  were then cycled between 75% and 

AI-64-11 
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Quartz  Liner  f o r  I r r a d i a t i o n s  

AT-&-’I 2 
5 



A l a t e r  c e l l  design is shown in Figure 2. This stainless steel  c e l l  has 

a quartz l i n e r  t o  contain the electrodes and electrolyte. 

electrode had t o  be incorporated ins ide  t h e  c e l l  in this design. This type 

of c e l l  was introduced t o  prevent the gas leakage encountered in the quartz 

c e l l  design. 

but made of l uc i t e  were used f o r  electrochemical studies outside of the 

radiation f ie lds .  

The reference 

Cells of similar physical dimensions t o  the c e l l  of Figure 1 

The e lec t r ica l  c i rcui t  shown in Figure  3 was used t o  produce the cycling 

regime and t o  measure electrochemical effects  during irradiation. The recorder 

was a Minneapolis-Honeywell Universal 5 mv instrument with - 50 my suppression. 

The constant current-constant voltage source was a Harrison Lab Model #€355, the 

timer was Kelelet Model K2l3 and the multicam timer was assembled from an 

Industr ia l  Timer K i t  #MCK. 

Systems was u s e d t o  give a state of charge indication. 

e l ec t r i ca l  power and recording systems were made f o r  convenience i n  taking data. 

+ 

A solion device model #SVlOO f ran Self Organizing 

Two completely portable 

B. RADIATION SOURCES 

1. Co-bo Gammn Sources 

Two Co-60 gamma sources -re used in this investigation. Source I 

4 gave a dosage of 8 x 1 0  rads (H20) per hou13F at  the position of the c e l l  in 

the source. 

was used 

shown in 

6 Source I1 is rated a t  1.4 x 10 

f o r  most of the runs. 

Figure 4. 

rads (H20) per hour. This source 

A picture of it and one of the consoles is 

Leads The c e l l  i s  placed in a 3" dia. x 5" deep w e l l .  

*It is assumed f o r  t h i s  work t ha t  the energy absorption of the electrochemical 
c e l l  system is  tha t  of water. 

AI-64-11 
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are led  out through stainless s t e e l  spiraled tubes coming up the column froan 

the uel l .  The salt bridge was also brought up through one of these tubes. 

After hookup, the well i s  closed w i t h  a stainless s t e e l  cover and then can 

be lowered autcanatically in to  the source. A l i f t ,  attached t o  a timer, is 

available t o  automatically raise the sample after a predetermined dosage. 
C 

2. Electron Source 

The electron source was a V a n  de Graff accelerator capable of producing 

2 MeV electrons a t  Spa. 

resul t ing from the collection of the electrons on the electrodes. 

The dosage was monitored by integrating the  current 

3. Neutron Source 

The neutron source was a small swimming pool reactor in which a port 

was available fo r  sample irradiations with e i ther  thermal or f a s t  neutrons. 

The f a s t  neutron dose rate is 6.6 x 10 3 rads (H20)/hr accompanied by gaxna at 

8 x lo3 rads (%O)/hr. The rad ia t ion  dosage varied l e s s  than 10% from the 

center t o  the outer periphery of the cells.  

C. MPERIMENTAL VARIABLES 

1. Introduction 

Experimental conditians had t o  be established in the laboratory with 

respect t o  the following variables: current density, type of cycle, length of 

cycle, s t a t e  of charge about which t o  cycle, temperature and concentration of 

electrolyte.  

2. Type of Cycle 

The electrochemical e f fec ts  on i r radiated electrodes were investi- 

gated by following the voltage behavior of the  cel la  during a cycling regime. 

Rather than the 90 min. cycle usually used i n  space applications, a 20 min. 

cycle was chosen, with 6 m i n .  of charge, 4 min. open circui t ,  6 min. discharge 

AI-6/+-11 
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and 4 min. open circui t .  With t h i s  short  cycle several cycles could be com- 

pleted even during short irradiations. 

3. Current 

The effect  of various currents on t h e  c e l l  voltage and other para- 

meters of c e l l  behavior was tested by operating ce l l s  a t  several currents. 

A high current, 0.40 amp, resulted in the  electrodes becoming f u l l  of bulges 

and pockets due t o  e i ther  excessive local  heating or excessive loca l  gas 

evolution. 

gave l i t t l e  change in the voltages o f  the ce l l s  i n  going from open circui t  

In t h e  length of cycle used, low currents of 0.10 amp or  l e s s  

t o  charge o r  discharge. An intermediate current of 0.20 amp was then chosen 

f o r  use on a33 experiments. A Luggin capillary placed a t  various positions 

between the electrodes and behind the electrodes in a laboratory c e l l  was 

used t o  determine tha t  a l l  the polarization was due t o  the resistance of the 

electrolyte.  Several ce l l s  were cycled in t h e  laboratory fo r  extended periods 

of time at  0.20 amp current. I n  one such cel l ,  cycled fo r  17 days a t  roan 

temperature, a small amount of precipitate formed under the cadmiurn electrode. 

This precipi ta te  was analyzed and found t o  contain cadmium and nickel i n  the 

r a t i o  of 3.75:l. An identical  experiment t o  confirm t h i s  observation was not 

performed and an eq lana t ion  of this experimental result has not been attempted. 

It is known, however, that migration of active cadmium material does occur on 

the cadmium electrode. 

L. State of Charge 

With the  current and cycle chosen one may calculate that a 5% change 

in s t a t e  of charge occurs on either the charge or  discharge portion of the 

Vcle. 

discharged very deeply due t o  cycle l i f e  limitations, cycling about a state 

of charge of 70 t o  75% uas chosen f o r  this investigation. 

Since noFmally the nickel-cadmium bat te r ies  on space missions are not 

AI-64-11 
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5. Electrolyte Concentration 

Aqueous solutions of t h i r t y  and thirty-five percent KOH have been 

described in the literature as suitable concentrations for nickel-cadmium 

bat ter ies .  

3 

fn our preliminary experiments, negligible variations i n  IR drop, 

polarization and t o t a l  capacity of the ce l l s  were observed ovBr the range of 

25% t o  40% KOH. Therefore, 30% KOH solution was used f o r  all expriments. 

A fresh solution was prepared for each experiment i n  order t o  keep carbonate 

contamination t o  B minimum. 

6 .  Temperature 

T h e  logical  temperature for the laboratory experiments was laboratory 

ambient temperature which varied between 22 and 25OC. 

early i n  the study that temperature did cause large changes in voltage 

characterist ics of t h e  cells.  

It became apparent 

Gamma Source I1 operates a t  a measured 45°C 

so laboratory runs were made at this temperature also. 

reproducibility,upan temperature cycling a cell frm 25" t o  45°C and back t o  

Although voltage 

25"C,was poor over 2-3 hour periods a t  each temperature, behavior was quite 

reproducible over 24 hour periods. Because of the e f fec t  of temperature on 

the voltage of these cells, a reference nickel-cadmium c e l l  was usually run 

outside the source at  t h e  same temperature as the  cell being irradiated. No 

sloughing off of material frm the electrodes was ever obsemed i n  these 

external cells. 

AI-64-11 
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111. IRRADIATION RESULTS 

f 

A .  G W  IRRADIATIONS 

1. Introduction 

The general procedure in t h i s  study was t o  i r rad ia te  f o r  a long 

period in i t i a l ly ,  examine the system fo r  damage and then reduce the dose 

t o  find at  what leve l  the damage first became apparent. 

most of the experimental results from runs i n  the gamma sources and also 

those in t h e  electron and neutron sources. 

Table I summarizes 

2. Material Loss f r m t h e  Electrodes 

It was apparent from the very first run tha t  some physical damage 

was occurring t o  the electrodes in that sol id  material was found on the 

bottom of the irradiated cell .  

The electrodes were washed using a wash bottle and the dislodged solids 

were combined with the precipitate. 

of t h i s  loosened material by ultrasonic cleaning proved t o  be unsatisfactory. 

Ultrasonic treatment of cycled electrodes, whether irradiated o r  not, resulted 

i n  the l o s s  of large amounts of material. 

from similar treatment of uncharged non-cycled electrodes.) 

periment visual observation a t  half-hour intervals of a c e l l  at  open c i rcu i t  

This material was collected by f i l t r a t ion .  

(An ef for t  t o  insure complete removal 

No material loss had been obtained 

In a l a t e r  ex- 

conditions showed tha t  clouding 

i r radiat ion in Source 11, i.e., 

f o r  which an appreciable (i.e., 

was 5.8 x 10 6 rads (H20). 

The amounts of material 

of the electrolyte began after one hour of 

1.4 x 10 rads (H20). The lowest t o t a l  dose 

weighable) amount of precipitate was obtained 

6 

l o s t  from t h e  electrodes in relat ion t o  the 

t o t a l  dose are plotted in Figure 5. The data show a monotonic functional 

AI-64-11 
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F 

relationship but are not closely correlated by t h i s  technique. 

11 seem abnormally low in the amount of material l o s t  o r  sloughed. 

runs were made in the sealed stainless s t e e l  c e l l  where evolved gases were 

retained in  the cell. 

no eq lana t ion  f o r  the low results of runs #10 and 11 is available. 

Runs  #10 and 

These 

Other than this difference in experimental technique, 

The relationship of the rate a t  which the  material was sloughed and 

the dose ra te  i s  also of interest. Table I1 summarizes these data. The data 

are averaged and are plotted in Figure 6 .  

of material loss is approaching an asymptote wi th  respect t o  the dose rate i f  

The results suggest tha t  the rate 

the electron i r radiat ion results are included in the correlation. 

pa r t i c l e  radiations, i n  this case electrons as compared t o  gammas, larger  groups 

of radicals are formed in t h e  track and can recombine there; thus feuer are 

able t o  diffuse away t o  react as free radicals. T h i s  e f fec t  i s  called the  

l inear  energy t ransfer  effect (LET). Its significance in this work may be 

small, but the apparent trend should be considered as tentat ive in  v i e w  of 

possible effects  associated with the different types of radiation. 

With heavier 

When a sufficient quantity of residue ( 2  mg) was available from gamma 

and electron irradiation, it was analyzed with an emission spectrograph. 

some runs in which there was no measurable amount of residue, all the electro- 

lyte was neutralized and evaporatedto dryness. Representative,samples of 

these evaporated residues were then analyzed. 

analyses are shown in Table 111. Some sacr i f ice  in precision of t h e  nickel 

and cadmium analyses was made in order t o  include a l l  the trace elements in 

the determination. 

analyzed again specifically f o r  the cadmium t o  nickel ra t io ,  as t h i s  quantity 

seemed t o  be significant. The t race  

In 

The results of all these 

Where sufficient material was available the samples were 

These resul ts  are given i n  Table IV. 

A 1-64-11 
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TABLE 11. Relation of Rate of Loss of Electrode Material and Dose Rate 

Run # Rate of Material Dose Rate 
(rads / hr ) Loss (mg/hr) 

CO-60  #6 

CO-60 #7 

CO-60 #8 

CO-60 #2 

CO-60 #3 

CO-60 #4 

CO-60 #5 

CO-60 # l o  

CO-60 #11  

Electron #5 

0 . 0 2 7  

0 . 0 0 3  

0 .003  

0 . 3 6  

0 . 0 6  

0 . 0 5  

13 

Av. 0.011 

Av. 0 . 1 9  

4 

4 

4 

8 x 10 

8 x 10 

8 x 10 

1 . 4 ~  10 

1.4  x 10 

1 . 4 ~  10 

1 . 4 ~  10 

1 . 4 ~  10 

1 . 4 ~  10 

4 x 10 

6 

6 

6 

6 

6 

6 

9 

I -- 

I :  

AI-64-ll 
16 



0 
t 

lD N h! 
0 

00 0 

d.g% t 
0 0  8 

AI-64-11 
17 

N 

8 

4 
0 
P, 
rl w 0 

E! I 
0 
k 

-0 k e 

L c 
\ 
c 

N 

v 
c ln 



N VI 
N - 0  0 m O N  0 . .  . . . . .  

m 
0 0  0 - 0 0 0  

In " 
P- O N -  
0 - 0 0 0  5 9 9  . . . . .  

m u 7  . .  

In * 
0 o m  
0 - - 0 0  . . . . .  

In In In m 
O m I n d O d  0 O N  . . . . . .  . .  

0 
. 4  - 

- I n m  In 
0 0 0  0 4 )  N m . . .  . .  

0 0 
d 4 

d In o m  o m  . . . .  . .  . .  m m - m  m N  . .  
N O -  m * 

4 
0 

m 4  
0 0  N 
0 0  0 . .  

m - d 

0 

m m 0 0 
0 - -  - 0  - o - * - o  . .  . .  . . . . . .  , x z  

4 

Q 
0 

I- 

- N  In In In o m - 0 0  0 4  0 0 
O N  m d 4 x o m o m  . . . . .  . . . . .  . .  

- m  m * N 
I- 

AI-64-11 
18 



TABLE IV. Cadmium/Nickel Ratio of Sloughed Material 

Cd/Ni Wt. of Mat'l Total Dose 
Ratio (mg) ( r a d s )  

CO-60 Run # l o  40: l* 5.9 1.5 x 10 

Co-60 Run #11 3: 14 4.1 1.5 x 10 

Co-60 Run #1 1O:l low+ 1.7 x 10 

Experiment 

8 

8 

7 

Electron 
Run #5 10:l 6.5 

7 

8 
CO-60 Run #3 7: 1 10.1 8.7 x 10 

Co-60 Run #2 6: 1 35.6 1.0 x 10 

CO-60 Run #5 3: 1 77 3 x 1 0  8 
~ -~ 

* Only rough analyses were possible on these samples - 
therefore,  the ratios a r e  not as reliable as those of 

the other runs. 

t Contaminated by tungsten but amount was less  than 

5 mg. 

TABLE V. Spectrographic Analyses of Residues from Individual Electrodes 

~ ~ -~ 

Electrode & State of Charge Wt. 70 Cd Wt. 70 Ni* 

Cd 0% 

Cd 75% 

Cd 100% 

Ni 070 

Ni 75% 

Ni 100% 

. 02 ND 

.005 ND 

.005 ND 

. 005 ND 

. 01 ND 

. 01 ND 

* Remainder of residue w a s  KCl. Nickel  concentration 
was below detection limit of O.O5Q/o. 
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elements found in the residues correspond t o  those expected from the materials 

used in c e l l  manufacture. 

t o  the high cobalt content usually found in nickel. 

material from R u n  #5 showed Cd(OH)2 and Si02 t o  be the predominant ident i f ied 

components. 

The high percentage of cobalt found may be ascribed 

X-ray analysis of the 

There were a large number of unidentified l i nes  in the x-ray 

pattern but none appeared t o  be attr ibutable t o  nickel o r  nickel ccuupounds. 

Contrary t o  t h i s  result, par t ic les  of sloughed material were found t o  line 

up in a magnetic field,  indicating the  presence of some ferromagnetic cam- 

ponent such as nickel metal. 

A significant correlation is  also found i f  the cadmium t o  nickel 

r a t io s  in the sloughed material are compared t o  the w i g h t  of material lost .  

Table IV shows these results. It should be noted tha t  the greater the 

amount of material los t ,  the lower t h e  r a t io  of cadmium t o  nickel. The 

electron i r radiat ion =silts again are included and follow the trend. 

Individual electrodes in 30% KOH were i r radiated in separate un- 

connected p l a s t i c  cells.  The data obtained are summan 'sed in Table IV. 

The electrodes were at various s ta tes  of charge as indicated. Sufficient 

amounts of precipitate were not available fo r  the usual f i l t e r i n g  and 

analysis technique. 

precipi ta te  was neutralized with hydrochloric acid and evaporated t o  dryness. 

The analyses were then made on the residue. 

The electrolyte together with the mall amount of 

These data do not show conclusively which electrode is contributing 

the most t o  the sloughing. There is a trend i n  the weight percent of cadmium 

with s t a t e  of charge which would indicate tha t  the hydrated cadmium hydroxide 

is more susceptible t o  the sloughing mechanism than is the cadmium metal. In  

the  discharged state the cadmium is present as the hydrodde on the cadmium 

electrode and in the charged s t a t e  as the  m e t a l .  Thus t h e  amount of cadmium 
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l o s t  from the cadmium electrode is  low for  t h e  75% and 100% charge cases 

but high for  the discharged condition. Loss of material from t h e  electrodes 

a l so  occurred when commercial ce l l s  were irradiated; these resu l t s  are 

presented below in Section 5. 

3 .  Electrochemical Effects 

A change i n  ce l l  voltage was expected as one of the effects  of 

radiation. T h i s  change was anticipated t o  ar ise  from polarization caused 

by gas evolution during radiolysis of the electrolyte.  These gases might 

tend t o  adhere t o  t h e  surface of the electrode causing a higher I R  drop. 

In addition, a change i n  electrode capacity might be expected from t h e  slough- 

ing off of material from the electrodes. 

t ha t  which would be caused by actual loss of material, could also be caused 

by (1) the uptake of oxygen by t h e  cadmium electrode, and (2) t h e  actual 

radiolysis of the active material, such as the NiOOH, i n  t h e  electrode. 

A loss  of capacity, in addition t o  

Two different electrochemical phenomena were observed in two 

separate runs. In  Run #3 the voltages of the c e l l  being irradiated and 

t h e  45°C reference c e l l  diverged progressively t o  a difference of 10 rnv 

at the end of 62 hours as i s  shown by the open c i rcu i t  voltage i n  Figure 7. 

Unfortunately, i n  the longer run of 215 hours, #5, a similar measurement 

could not be made due t o  fa i lure  of the reference cell.  This phenomenon of 

a ce l l  fa i l ing  f o r  no apparent reason had been observed before i n  the 

laboratory. I n  a l l  other long runs no reference c e l l  at  45°C was used so 

t ha t  no long term voltage effect  was measured. 

After the 215-hour run in Gamma Source I1 (Run #5), the c e l l  was 

discharged at  the 0.2 amp rate. 

became the electrode l imiting the t o t a l  capacity of the cel l ,  as shown in 

It was noted that the cadmium electrode 
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the  discharge curve of Figure 8, recorded a f t e r  a complete discharge and 

charge cycle of t h i s  cel l .  

have shown t h a t  the nickel electrode limits the  c e l l  capacity at  about 0.4 

were-hour  (120 minute discharge a t  0.2 amp). 

in the one long run. 

Tests on such ce l l s  before i r radiat ion invariably 

This change was observed only 

During the initial discharge of the c e l l  after the 215 hour irradia- 

tion, the c e l l  and specifically the  cadmium electrode, went through a 70 mv 

voltage step downward after approximately 1/3 discharged. 

the ce l l ,  t h i s  step did not appear nor did it reappear on subsequent discharge. 

No explanation is apparent f o r  t h i s  single observation. 

Upon recharging 

4. G a s  Evolution 

A stainless steel  c e l l  w i th  a quartz liner (Figure 2) was constructed 

Two runs were made i n  t h i s  cel l .  t o  measure gas evolution. The pressure 

transducer in these measurements was a diaphragm type which has a voltage 

output of 5 mv per psi. 

0-20 psig. 

cel l .  

The sensi t ivi ty  of the transducer was 0 . 1 p s i  over 

Run #lo was the first run with t h e  stainless steel quarts-lined 

Figure 9 shows t h e  variation of the measured c e l l  pressure with time 

during t h i s  run. 

drop in pressure, due t o  oxygen uptake by the cadmium electrode, (2) a rapid 

increase in pressure upon placing t h e  c e l l  in the source, due t o  two factors, 

(a) the  temperature rise and (b) the radiolysis of the solution giving cuygen 

and hydrogen gas, (3) a fur ther  steady pressure increase due t o  radiolytic 

gas production and (4) a pressure decrease on removal of the c e l l  from the 

source due t o  temperature decrease and oqgen uptake by the cadmium electrode. 

The important features of t h i s  curve are: (1) the initial 

During the run the cadmium electrode continues t o  take up some of the 

oxygen so tha t  the resultant pressure is due t o  a variety of factors. The 
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constant pressure region towards the end of t h e  irradiation is, a t  present, 

d i f f i c u l t  t o  e q l a i n .  A steady s ta te  between radiolysis, producing oxygen, 

and cadmium electrode reaction with oxygen is a possible explanation but 

t h i s  i s  only conjecture. 

An e l ec t r i ca l  short in the pressure transducer cable occurred in 

Run #11 due t o  insulation breakdown in  the cable because of radiation. 

the pressure data from the initial part of the run and t h e  final pressure were 

obtained. The f ina l  decay of pressure due t o  temperature drop and the cadmium 

electrode-oxygen reaction, after the c e l l  was removed from the source, was 

a l s o  measured. Where comparisons were possible these data confinned those 

of Run #lo. 

Only 

Table V I  summarizes the r e s u l t s  of the gas analyses. A valve leak 

This occurrence and a i r  contamination occurred at  the conclusion of R u n  #lo. 

probably decreased the hydrogen result and may have lowered the CO and CH 

concentration below t h e  detection l i m i t .  I n  Run #ll the  methane and carbon 

monoxide probably arise from the action of radiolytically produced hydrogen 

atoms on some carbon-containing campound. 

compound has not been detelmined but may ar i se  from carbonate in the electro- 

1, 

The origin of the carbon-containing 

lyte, from the electrode binder o r  from the neoprene tlO1l ring seal i n  the 

stainless steel  cell.  

TABLE V I .  Pressure Increase and Gas Analyses of Gamma R u n s  #10 and #11 

Pressure Increase 
(corrected f o r  temp. ) 

G a s  Analysis (Vol. %) 
co H2 O2 N2 

Run #10 2.6 l b s  2.1 18.4 79.6 0 0 

Run #ll 2.3 l b s  8.1 1.2 90.2 .17 -05 
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5. Commercial Cell Irradiations 

Several cammercial ce l l s  (5  electrodes i n  a p l a s t i c  case) on open 

c i rcu i t  were i r radiated in Gamma Source 11. 

discharged t o  75% of capacity, and then cycled for  24 hours, as described 

e a r l i e r  for  t h e  laboratory cells, prior t o  the irradiation. 

a f t e r  i r radiat ion were bulging considerably due t o  gas buildup i n  the cell. 

Upon opening the cells,  sloughed materia3 was observed on the separator but 

only where it was in contact with the nickel electrode. 

nickel r a t i o  of t h i s  material was 2:l. 

The l o s s  of t h i s  material from the  N i  electrode appeared t o  have no measur- 

able e f fec t  (- 2%) on the capacity of the c e l l  which was determined before 

and a f t e r  the irradiation. 

These ce l l s  were fully charged, 

These cells 

The cadmium t o  

The amount obtained was not weighed. 

+ 

B. ELECTRON IRRADIATIONS 

Two types of ce l l s  were used f o r  these irradiations.  Figure 10 shows 

the ce l l s  used for  the f i r s t  four irradiations i n  which the electrodes nere 

perpendicular t o  the 2 MeV electron beam. The last experiment (Run #5) was 

done with t h e  electrodes in the lower portion of t h e  quartz c e l l  described 

previously (see Figure 1). Thus, the electrodes in this case were parallel 

t o  the beam. 

be l e f t  on open c i rcu i t  during these irradiations.  

in this voltage occurred but was thought t o  be ent i re ly  due t o  the increase 

i n  temperature, which reached 52OC. A reference c e l l  was not used for 

camparison during these short runs because of the  uncertainty in temperature 

across the cel l .  

Instrumentation of the electron source required that the cells 

A decmase of about 30 mv 

Table VI1 summarizes the results of these runs. In Runs #1 through 4 

only one electrode was irradiated per run and, due t o  absorption by the 

AI-64-11 
27 



ELECTRICAL r K O H  

LEADS 1 

NICKEL 
ELECTRODE 

6018-1504 1-28-64 

Figure 10. Nickel-Cadmium Cell Used in 2 MeV 
Electron Accelerator Ekperiment 

I 2  FT. POLYETHYLENE TUBING 
TO SHIELDED REFERENCE 
ELECTRODE 

1-22-64 6018-1503 1 
! 

Figure 11. Quarts Cell Used in Fast Neutron I 

Irradiation Experiments 

AI-64-11 
28 



electrode, the penetration of the electron beam was s m a l l .  

the  electron beam impinged primarily on the electrolyte. 

four runs, the upper electrode was covered with only a l i t t l e  electrolyte,  and 

the amount of radiolysis occurring was s m a l l .  

received more radiation and sloughing was observed. Thus these results are  

consistent with radiolysis of the electrolyte playing a role i n  the loss of 

material fram the electrodes. 

i n  Run #5 correlates reasonably well with tha t  obtained i n  the Co-60 irradia- 

t ions  as is shorn i n  Figures 5 and 6. I n  contrast t o  the gamma irradiations,  

a steep gradient in energy absorption probably occurs i n  the electron irradia- 

t ions . 

In  the f i f t h  run, 

Thus, in the f i r s t  

In the last  run, the electrolyte 

The weight and analysis of the material sloughed 

TABLE VII. Electron Irradiation Results 

Run # Electrode Exposed Sloughed Material Dosage (rads H20) 
(w)  

8 
1 Ni None 5 x 10 

2 C d  11 5 x lo8 

3 N i  I1 2 109 

4 Cd 

5 Both 

11 2 109 
9 6.5 2 x 10 

C. " R O N  IXRADIATION 

Figure 11 shows the physical arrangement of the cells f o r  our neutron 

irradiation. 

( T and n) of 7.1, x 10 rads. 

electrodes was observed. Some transmutation reactions had occurred. The 

The cells were irradiated fo r  52 hours f o r  a t o t a l  dosage 

No sloughing of material from any of the 5 
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post-run gamma spectra, indicating the predominant peaks, are shown in 

Figures 12 and 13. 

summarized in Table VIII. 

proof t h a t  cadmium is present i n  t h e  nickel electrode. The post-run 

examination of the electrolyte showed only the beta radiation due t o  

potassium W. Evaporation of the electrolyte and subsequent spectro- 

graphic analysis showed a trace of cadmium present but no evidence of 

any nickel. 

The nuclides formed and t h e i r  mode of production are 

The formation of Cd1I5 (Figure 12) is further 

TABLE VIII. Nuclides and Their Mode of Production 

Electrode Nuclide H a l f  L i f e  Mode of Production 

Cadmium Cd115 53 hr. Cd114( q ,$ )Cdl” 

Cd107 6.7 hr. Cd106( q ,x )Cd107 

cor8 71 days Ni58( q ,T )Co5$ 

Nickel N i  65 2.56 hr. Ni64( Yl,S )Ni 65 

7 1  days Ni58( np ) C O ~ ~  58 co 

co 60 5.26 c059( )cO6O 

Cdu5 53 hr. Cdu4( fl,V )Cd115 

The f ac t  that no sloughing was observed i s  consistent with the results 
6 obtained from Co-60 i r radiat ions i n  which a dose of 1.4 x 10 rads (H20) was 

required to observe any effects  associated with sloughing. This source did not 

provide neutrons only; however, from the very limited information available, it 

would appear t h a t  fast neutrons are not a great deal more damaging than gamma 

radiation with respect t o  material loss from t h e  electrodes. 
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IV. DISCUSSION OF GAMMA IRRADIATION RESULTS 

A.  MATERIAL LOSS FROM ELECTRODES 

1. Mechanisms of Material Loss 

T h r e e  mechanisms appear as possible causes f o r  the sloughing phenomenon 

observed t o  accompany i r radiat ion of the nickel-cadmium cells. 

these may be causing t h i s  phenomenon. 

Any or  a l l  of 

These mechanisms are: 

a. The Mechanical Effect o f  Rapid Gas Evolution Resulting 
from Hydrogen Peroxide Decomposition 

Hydrogen perodde is formed in the electrolyte  by radiolytic 

action. 

radiolysis o r  by the  catalyt ic  effect  of the highly active electrodes. 

oxygen evolved e i ther  inside o r  outside the electrodes may mechanically 

dislodge material from them. 

events, the effect  of 1% hydrogen peroxide in 30$ KOH on nickel and cadmium 

electrodes was observed i n  t h e  laboratory. 

electrodes but material was found t o  be dislodged from the nickel electrode 

only. 

is therefore possible t o  say that decomposition of hydrogen peroxide a t  the 

nickel electrode may lead t o  material loss  from tha t  electrode. The e f fec t  

of lower concentrations of hydrogen peroxide should also be investigated; the 

steady state concentration of hydrogen peroxide in these i r radiat ions is 

probably between 0.1 and 0.5 m i l l i m o l e s / l i t e r 4  o r  three orders of magnitude 

l e s s  than t h e  1% concentration. 

This peroxide is decomposed t o  form oxygen gas and water e i ther  by 

The 

To t e s t  the possibi l i ty  of this sequence of 

Oxygen gas was evolved at  both 

Analyses showed t h i s  material t o  contain both nickel and cadmium. It 

b. The Chemical Action of Hydrogen Peroxide 

Hydrogen peroxide may react with specific materials on the 

Peroxide may ac t  as either a strong oxidizing or  reducing electrodes. 
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agent in basic solution. The oxidizing action i s  the more l ike ly  fo r  the 

8 

conditions of t h i s  study, with one possible action being on the porous 

nickel structure of t h e  electrodes. Th i s  action, f o r  example, may weaken 

the structure and lead t o  the loss of material from the electrodes. The 

experimental result with 1% hydrogen peroxide, mentioned i n  the previous 

section, may a lso  be evidence f o r  chemical attack by the peroxide. Some 

par t ic les  in sloughed material were observed t o  be a t t racted by a magnet. 

This mechanism and the one be low could lead t o  nickel metal being present 

i n  the sloughed material. 

be a t t rac ted  by a magnet. 

The nickel, of course, i s  ferromagnetic and would 

C. The Chemical Action of Free Radicals 

Hydroxyl free radicals may react wi th  the materials of the 

electrodes, 

i n  themselves be responsible f o r  dislodging the material from the electrodes. 

The reaction would release large amounts of energy and could 

While some cause of the sloughing phenomenon other than those associated with 

the radiolysis of the electrolyte i s  possible, it does not appear as l ikely.  

It does not appear possible a t  present t h a t  any of the three 

mechanisms indicated above can be discarded as possible causes of t h i s  

material loss. 

2. The Or ip in  of the Sloughed Material 

There is a trend tha t  the higher the t o t a l  dose the greater the amount 

of material l o s t  from the electrodes. From the Cd:Ni ra t ios  of the sloughed 

material, it is  evident tha t  more cadmium is  dislodged than nickel. 

analysis of the electrodes, exclusive of the steel skeletons, showed tha t  2.5% 

Wet 

of the nickel electrode was cadmium and about 25% of the cadmium electrode was 

cadmium, with nickel making up t h e  remaining percentages of metals. Information 
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from the battery supplier indicates that cadmium tends t o  migrate and is 

expected t o  be on the surface of both electrodes. In this case, material 

dislodged first would naturally be richer i n  cadmium than in nickel f o r  

e i ther  electrode. However, as more material i s  removed, the Cd/Ni would 

be expected t o  change rapidly only for material coming frm the nickel 

electrode 

The results of the Cd/Ni rat ios  i n  the sloughed material, therefore, 

are consistent with the v i e w  tha t  the nickel electrode is contributing most 

t o  the sloughing. 

principal source of sloughed material is: 

t ions  (Table V)  show more cadmium coming from the nickel electrode than the 

cadmium electrode f o r  the state of charge conditions of the experiments. 

(b) When complete commercial ce l l s  are irradiated,  dislodged material is 

only found on the separator next t o  the nickel electrode. 

Additional evidence tha t  the nickel electrode is the 

(a )  Individual electrode irradia- 

Further studies 

of this material loss from electrodes using compartmented ce l l s  w i l l  be 

needed t o  resolve this problem. 

3. The Effect of Material Loss and Oxygen Evolution on Electrode 
Capacity 

The largest  amount of material l o s t  frm the electrodes i n  any one 

run was 77 milligrams. 

the amounts of cadmium and nickel species were estimated t o  be approximately 

40 mg. and 1 5  mg. respectively. 

electrode it muld have no discernible effect  on the electrode capacity as 

1 5  mg. corresponds t o  a m aximum of 1.1% of the amount of active nickel 

material. 

of this electrode ) 

From the spectrographic analyses of t h i s  material 

I f  all of this material came fran the nickel 

(The la t ter  was calculated from the 0.4 amp-hr observed capacity 

The cadmium electrode, fran chemical analyses, contains about 1.0 gm 

of the metal which, if a l l  active, corresponds t o  a 20% excess over the 
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0.h amp-hr capacity, If the material a l l  came fram the cadmium electrode, 

the  change i n  capacity again would not be discernible as 40 mg. amounts t o  

only about 4% of the active cadmium material present. 

clude t h a t  the sloughing o f f  of material from the electrodes is not a 

principal  contributor t o  the observed decrease in capacity of the cadmium 

electrode. 

Thus, one may con- 

Oxygen from the radiolyt ic  d e c q o s i t i o n  of the  electrolyte  w i l l  

react  a t  the cadmium electrode, 

were produced which, i f  a l l  reacted with the cadmium electrode, would oxidize 

and thus discharge 0.3 g of cadmium metal on the electrode, 

f ac t  t h a t  there is only about 1 gram of cadmium (of which about 0.8 g is 

needed f o r  full  capacity) on the cadmium electrode, this indeed would change 

its capacity. 

was recorded f o r  the apparently identical  Run #11 and the  discharging of the  

c e l l  after t h e  i r radiat ion period exhibited normal behavior. We do not have 

an explanation fo r  the apparent discrepancies of these results, 

In Run #lo, approxbately 60 cc of oxygen 

Considering the 

Although a discharge curve was not recorded f o r  Run #lo it 

The observed loss  in capacity of the cadmium electrode (in Run #5) 

indicates a deactivation somewhat more than t h e  excess capacity (about 20%) 

original ly  in the  electrode. 

charging of the electrode did not restore it. 

suf f ic ien t  t o  account f o r  it, nor would the simple oxidation expected in the 

Cd electrode-acypn reaction do so since this would not be expected t o  lead 

t o  a permanent l o s s  of capacity. 

T h i s  capacity was permanently l o s t  since re- 

The material l o s s  is not 

It is  possible tha t  an oddat ion of the active cadmium on the  

cadmium electrode is  brought about by peroxide decmtposition o r  reaction 

with hydro-1 free radicals. 

hydroxide on the electrode occurs. 

Also, it may be tha t  radiolysis of the  cadmium 

I n  e i the r  case, the resul tant  materials 
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might be no longer active and thus no longer able t o  take par t  in the  electrode 

reactions. 

occurring within the electrode and this process may be accelerated by the 

gamma irradiation. 

possibly a small steady decline i n  electrode potential. 

were observed. 

Also, it is known tha t  on cycling, there is an aging process 

These would resul t  in a reduced electrode capacity and 

Both of these e f fec ts  

In  addition t o  the e f fec ts  indicated above, the  radiation or the  

action of a procfuct of radiolysis may change the reac t iv i ty  of same electrode 

component. The presence of t h i s  new species may help account f o r  t he  voltage 

s tep  observed in the  post-run discharge of the  i r radiated cell in G a m a  Run 

#5. 

recharge and discharge would proceed in normal fashion. 

Once reacted, this species would no longer be present, so t ha t  subsequent 

It should be emphasized that these postulates concerning the  o r i g i n  

of the  changes in electrode capacity and c e l l  voltage are pure speculation. 

Howver, they are suggestive of f u r t h e r  investigations which may lead t o  an 

understanding of the observed effects. 

B. DISCUSSION OF GAS EVOLUTION 

I n  the radiolyt ic  decmposition of water a variety of reactions occur t o  

give the  species H, OH, H2 and H202 (Ref. 5, p. 25). 

t ha t  radiation decomposes water t o  H and OH free radicals. 

principal  mode of reaction of the  OH is t o  form hydrogen peroxide, H202, while 

the  hydrogen atms may =act with themselves t o  form hydrogen gas but, t o  a 

great extent, diffuse away and m a &  with the medium. 

in  pure water are  w e l l  established but no data have been reported corresponding 

t o  the highly basic solutions of this study. 

The general theory is 

In general t he  

The yields of products 

It would be eqec ted ,  however, 
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in keeping with the Radical Diffusion model (Ref. 5, p. 26), that, in highly 

basic solutions, the H202 yield would be at l ea s t  the usual value of 

0.7 rnolecules/100 ev absorbed and the HZ yield would be greatly decreased 

from the  value of 0.45 molecules/100 ev absorbed usually observed in d i lu te  

solutions. 

l i k e l y  t o  be f rom the  combination of hydrogen atoms i n  the  track of a 

radiation event before they have had an opportunity t o  come i n  contact with 

In  fact ,  the  pr incipal  mechanism leading t o  hydrogen gas is 

much of the solution. 

by the  fact tha t  the  gamma irradiat ion of aQueous solutions of oxidizing 

agents has resulted in hydrogen yields of essent ia l ly  zero. 

The electrodes, i n  contact with the solutions in this study, are, l i k e l y  t o  

have an effect on product yields but information i s  not available t o  predict  

this effect at  this time. 

T h a t  this mechanism leads t o  a low yield is indicated 

(Ref. 5, p. 99.) 

In order t o  obtain some quantitative check on the  gas production in 

these experiments the amount of oxygen gas produced in Run # l O  was calculated. 

The peroxide yield of 0.75 molecules/100 ev obtained by Veselovsky 4 f o r  

0.3 N NaOH solutions was used because his solutions were most similar t o  those 

of t h i s  study. The steady s t a t e  concentration of hydrogen peroxide should be 

quite low because of decomposition due t o  radiation and t o  the electrodes and 

it is assumed, f o r  this calculation, t h a t  essent ia l ly  all of the hydrogen 

p e r o ~ d e  decomposes t o  oxygen gas. Using the above yield, an i r radiat ion time 

of XU hours, a dose r a t e  of 1.5 x 10l8 ev/cc and a solution volume of 45 cc, 

then the  y i e ld  of oxygen is 

x 60 9 x 1U h r  x 8 ev 
cc min 075 x 1.5 x 10 a x  100 ev 
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In R u n  #10 the  pressure change is 2.6 p s i  f o r  the same temperature 

before and after irradiation, as shown in Figure 9. 

electrode-oxygen reaction accounts for a decrease in oxygen pressure 

( in i t ia l .  part of p lo t  in Figure 9 )  of  0.15 psi/hour. 

change for the  111 hour experiment is (lll x 0.15) + 2.6 = 19.2 psi. 

In addition, the Cd 

Thus the t o t a l  pressure 

If it 

is 

45 

of 

assumed tha t  essent ia l ly  all of t h i s  is due t o  oxygen gas then, in the 

cc gas volume of the cel l ,  t h i s  pressure change corresponds t o  a volume 

lq.2 x 45 = 58 cc a t  1 atm.  and 25°C. oxygen of 15 
The agreement of these calculations is much be t t e r  than would be 

expected from the data and the nature of the assumptions involved. 

at  least in a qualitative sense, the tentat ive conclusion might be drawn tha t  

the  above picture is reasonable f o r t h e  conditions of this work. One of the 

recommendations f o r  future work (Section V )  is  a study of product yields  f o r  

t he  radiolysis  of 30% KOH solutions. 

of hydrogen and of  hydrogen peroxide and the modes of decomposition of the 

latter. 

However, 

O f  par t icu lar  interest are the yields  
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V. RECOMMENDATIONS 

The results t o  date, including the sloughing phenomenon and the single 

observation of loss of c e l l  capacity on i r radiat ion of Ni-Cd battery 

electrodes, are f e l t  t o  warrant further investigation. 

Future work should include an ef for t  t o  determine (a) whether the 

cadmium electrode does indeed lose capacity and become the electrode 

l imiting cell capacity, and (b) whether the cell voltage does decrease 

as  a result of continued irradiation. Also, the cause of these effects, 

including the role of the sloughing and of chemical discharge of the cadmium 

electrode, should be determined, 

during runs would enable one t o  study in  more de t a i l  the electrochemical 

changes occurring. 

Voltammetric measurements made periodically 

The phenomenon of the sloughing of material frcan the electrodes should 

be studied further t o  detennine the mechanism, the origin and the factors 

influencing it. 

should be correlated fur ther  w i t h  the amount and composition of sloughed 

material. A study of the radiolysis products of 30% KOH i n  the presence 

and the absence of the individual electrodes may give some insight t o  the 

mechanism of sloughing of material from the electrodes. 

To this end, the effects  of t o t a l  dosage and dose rate 

More information on battery manufacturing techniques is needed t o  

evaluate i f  variations in the final product inh ib i t  o r  proenote some of  

the observed phenomena caused by radiation. 

relate t o  (a )  the method of impregnation of the electrodes with active material, 

(b) the camposition of active material used, par t icular ly  t h a t  of the nickel 

electrode, (c) type of binder used and (d) type  of separator used. 

whole commercial cell i r radiat ions should be perfonned so that the results 

Some of these possible variations 

More 
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with laboratoxy ce l l s  may be related t o  t h e  e f fec ts  observed with ce l l s  in 

actual use. 

Other types of rechargeable systems should also be studied t o  see i f  

they are affected i n  a similar fashion t o  the nickel-cadmium system under 

high radiation fields.  The silver-cadmium system, fo r  instance, uses the 

same cadmium electrode as does the nickel-cadmium system. Both the silver- 

cadmium and silver-zinc ce l l s  have good peroxide decomposition catalysts 

due t o  the silver, which may cause an even more serious sloughing problem. 

In  surmuary, the results t o  date indicate the need for a further detailed 

study of the effect of nuclear radiation on all battery electrodes pr ior  t o  

t h e i r  use in heavy radiation f ie lds .  
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